Abstract-We evaluated the broadband dielectric permittivity and impedance characteristics of high dielectric constant films for decoupling capacitance applications at frequencies of 100 to 10 GHz. In order to extend the measurements to the microwave range, we developed an appropriate expression for the input admittance of a thin-film capacitance terminating a coaxial line. The theoretical model treats the capacitance as a distributed network and correlates the network scattering parameter with complex permittivity of the specimen. The method eliminates the systematic uncertainties of the lumped element approximations and is suitable for high-frequency characterization of low-impedance substrates.
I. INTRODUCTION
T HE NEED for power-ground decoupling is nearly universal in electronic circuits in order to secure signal integrity and reduce electromagnetic interference noise. Current technologies utilize surface-mounted discrete chip-capacitors, which become ineffective when the operating frequency increases above several hundred megahertz [1] . High-dielectric constant (high-k) polymer-ferroelectric ceramic composites that exhibit certain high-frequency loss have recently shown promise for embedded decoupling capacitance (EDC) and power planes with desirable, low-impedance characteristics over a broad frequency range, including the microwave [1] . Advancing EDC technology requires a suitable test method to measure the material dielectric properties and to assess the impedance characteristic in planar, thin-film configuration over a broad frequency range. A broadband measurement method of complex permittivity in the coaxial configuration was proposed for bilayered materials. Higher order TM-type evanescent modes excited at the coaxial discontinuity were analyzed by the mode-matching method [2] . This model, however, is not applicable to single nonconducting films. Such films have been typically evaluated using a lumped element approximation. The existing broadband lumped element methods assume quasistatic conditions in the thin-film specimen [3] . They fail to produce meaningful results at frequencies above a few hundred megahertz [4] , especially in the case of high-dielectric constant films.
In this paper, we describe a broadband measurement methodology which is based on observation and analysis of the fundamental mode in a film specimen terminating a coaxial transmission line. Using this test technique, the dielectric permittivity and impedance of several industry-developed high-dielectric constant films were accurately evaluated at frequencies of 100 to 10 GHz.
II. THEORETICAL ANALYSIS
The experimental arrangement under consideration is shown in Fig. 1 . A dielectric disk specimen of thickness and the relative complex permittivity is placed at the end of the center conductor of a coaxial airline. The diameter of the specimen, , matches that of the center conductor. The specimen is covered with the counter conductor and forms a circular parallel-plate capacitor. Such structures are assumed to satisfy the lumped element approximation if the length of the propagating wave is much longer than the film thickness [5] . Since the specimen is short terminated, the wave should be reflected back after a time delay of . In the case of a circular film specimen with a diameter of 3.0 mm, thickness of 100 m and of about 38, this double-passing time delay would have been approximately 4 ps. The time delay measured for such a specimen in a TDR experiment is in the range of about 60 ps, which is consistent with , indicating dependence on the diameter of the specimen rather than on its thickness [6] . The structure in Fig. 1 can be therefore electrically equivalent to a network, where the dielectric film represents a transmission line inserted between two matched transmission lines. Consequently, the scattering coefficient , resulting from the combination of the wave multiple reflection and transmission components in the specimen section, can be expressed by the following equation [7] : (1) where is the complex reflection coefficient for nonmagnetic media;
; is the propagation constant, ; is an angular frequency; and is the speed of light in air. The input admittance of the specimen section , having characteristic conductance of , can be expressed in 0018-9456/02$17.00 © 2002 IEEE terms of the circuit parameters where the specimen represents an unmatched termination whose reflection coefficient is
Since a matched load follows the termination, the scattering coefficient of the network equals . Combining (1) with (2) The specimen section in (4) represents a transmission line having an electrical length of . In the complex capacitance notation, the characteristic conductance per unit of length represents the geometric capacitance of the empty specimen section, . The term accounts for the wave propagation in the specimen. If the electrical length is small in comparison to the wavelength, , , the value of the approaches unity and (4) simplifies to the conventional expression for the input admittance of a transmission line terminated with a lumped shunt capacitance [5] .
During measurements, the reference plane is set at the interface between the end of the coaxial line having the characteristic conductance and the dielectric specimen section with the characteristic conductance . According to [5] and [8] , a cell constant parameter can be determined by evaluating the fringing field capacitance around the specimen section. Using the fringing field capacitance and equation (4), we finally arrive at (5) for the complex permittivity of the film specimen (5) where is the measured scattering coefficient of the network. At sufficiently low frequencies, approaches the value of one and (5) simplifies to the conventional lumped element model [3] , which can be used for initial estimation in iterative solution of (5).
III. EXPERIMENTAL
An experimental coaxial test fixture was constructed from two APC-7 mm to APC-3.5 mm microwave adapters. The center conductor was replaced with a fixed 3.0 mm diameter pin, machined precisely to achieve flat and parallel contact between the film specimen and the APC-7 mm short termination. High-dielectric constant EDC films, EDC1-4 (Epoxy resins ferroelectric ceramics composites) and EDC5 (Polyimide ferroelectric ceramic composite), were obtained from the NCMS Embedded Capacitance Project [1] . The dielectric properties determined for these materials using a microstrip resonator technique are listed in Table I . The circular film specimens with a 3.0 mm diameter for broadband measurements were defined by photolithography. The time-domain reflectometry (TDR) measurements were carried out using a Tektronix 11 802 Digital Sampling Oscilloscope equipped with a TEK SD-24 TDR/Sampling Head. Waveforms were captured in a 10 ns window typically containing 1024 data points with a resolution of 2.5 ps. The relative combined standard uncertainty of the impedance determined by TDR was about 5%. The measurements in the frequency domain were carried out using a network analyzer (HP 8720D) in the frequency range between 100 MHz and 10 GHz. One-port open, short, and broadband load calibration was performed using an HP 85050B APC-7 calibration kit. The relative combined standard uncertainty in geometrical capacitance measurements was 2%. The largest contributing factor to the uncertainty was the uncertainty in the film thickness measurements of 1 m. The relative standard uncertainty of was assumed to be within the manufacturer's specification for the HP 8720D. The combined relative experimental uncertainty in complex permittivity was within 8%, while the experimental resolution of the dielectric loss tangent measurements was about 0.01. Fig. 2 shows the TDR response reflected at the EDC films in the coaxial test fixture (Fig. 1) . The measurements are normalized to the 50 impedance of a precision coaxial air-filled transmission line. It is seen that at the time delay (or at highest frequencies ) all the EDC specimens show the lowest impedance as expected for a capacitive load. At longer lengths of time, the voltage builds up across the complex capacitance , increasing its impedance until it effectively becomes an open circuit. An inductive delay, which is a common source of error in impedance measurements, does not visibly contribute to the measured response. From the viewpoint of power-ground decoupling, the test capacitor can source the charge as long as its impedance is lower than the reference input impedance. The best performance is qualitatively indicated by the response close to that of zero impedance (short) termination, which is shown in Fig. 2(b) for film EDC4, followed by EDC3 [ (Fig. 2(c) ], EDC5 [ Fig. 2(d) ], and film EDC2 [ Fig. 2(e) ]. The impedance increases with decreasing capacitance density. In comparison to other EDC materials tested, the EDC4 had the highest capacitance density of about F/cm , while EDC2 showed the lowest capacitance density of about 0.07 nF/cm . (Table I ). For a given geometric capacitance, lower impedance will result from a dielectric material with higher complex permittivity .
IV. RESULTS AND DISCUSSION
The quantitative analysis of the impedance characteristics was performed in the frequency domain. An example of the frequency-dependent impedance determined directly from one-port reflection measurements is shown in Fig. 3(a) for the EDC1 films having permittivity of 34.6-j1.6. The measurements are normalized to the 50 impedance of a precision coaxial air-filled transmission line. At about 8.2 GHz, there is a noticeable dip of about 0.02 in the impedance, due to resonant absorption that leads to systematic uncertainties as the frequency increases above 2 GHz. The application of the propagation model eliminates these difficulties. Correcting the measured impedance using the wave propagation term leads to the results shown in Fig. 3b , which properly reflect the electrical characteristic of a capacitance load. The corrected impedance decreases with increasing frequency, reaching the value of about 0.8 at 8.4 GHz, which is over an order of magnitude higher than that determined from the direct reflection measurements.
It appears that the coaxial test fixture configuration and the propagation model allow for an accurate determination of impedance, which can satisfy the requirements involved in characterization of thin dielectric films and low-impedance substrates for the decoupling capacitance functions. Undesired oscillation of impedance at resonant and clock frequencies in real circuits can be conveniently suppressed by tailoring the dielectric loss mechanism of the EDC material.
Measurements of the dielectric constant and the dielectric loss , are illustrated in Fig. 4(a) and (b) for EDC3 films. The results obtained from the lumped element model (7) are also plotted for comparison in Fig. 4(c) and (d) , respectively. The of EDC3 decreases from about 40 at 100 MHz to about 38 (Table I ) where the differences are within 1% for and 4% for . The experimental results indicate that (5) correctly describes the complex permittivity of the EDC films over a broad frequency range. In contrast, application of the lumped element model results in an abnormal increase in both , and as frequency increases, leading to systematic errors, which at higher frequencies considerably exceed the combined experimental uncertainty. The relative systematic uncertainty of the lumped element method for permittivity may be obtained from (5) ,
. The term describing the propagation effect in (4) and (5), , has a singularity when , which corresponds to a half-wavelength resonance at frequency . The resonant frequency depends on the diameter of the specimen and its permittivity. In the case of loss-less dielectrics, the parameter is real, and the function oscillates singularly between , near the resonant frequency. For film samples with finite dielectric loss, the real part of undergoes an oscillation, reaching zero at the resonant frequency, while the imaginary part shows a peak value at the resonant frequency. Consequently, the abnormal increase in permittivity, observed at higher frequencies for the film samples treated as a lumped element, can be attributed to the tails of the resonant absorption. Fig. 3 shows that the experimental data are somewhat distorted near . The distortion may originate from excitation of higher order modes due to imperfection in the geometry of the test fixture, which, in practice, limits the applicability of the testing at frequencies higher than 0.8 . Nevertheless, the basic feature of the experimental data obtained for EDC films is essentially the same as that predicted by the , which provides further support for the utilization of the presented approach.
V. CONCLUSION
Complex permittivity and impedance characteristics of high-k dielectric films for embedded decoupling capacitance can be accurately evaluated in a broad frequency range, using . At low frequencies, where the electrical length is small in comparison to the wavelength, the propagation model simplifies to the conventional expression for the input admittance of a transmission line terminated with a lumped shunt capacitance. At higher frequencies, the presented testing methodology eliminates systematic uncertainties of the lumped element approximations and allows for accurate impedance measurements at frequencies of up to 0.8 . The resonant frequency, , depends on the diameter of the specimen and its permittivity. In the frequency range of 100 MHz to about 10 GHz, the electrical characteristic of high-k films was found to be consistent with a capacitance load, without noticeable contribution from the circuit inductance that typically causes a series resonance and obscures the high-frequency response.
